This paper deals with the problem of disposal of industrial waste greenhouse gases (CO2) into deep reservoirs. The simulator TOUGH2 was used to model the injection of 100 kg/s of COz for 10 years into an aquifer 3 km deep with the object of evaluating the long-term storage prospects for this gas. Depending on the permeability structure above the injection point, some gas may escape to the surface. In the most favourable case, all of the gas dissolves into the water, and the resulting dense fluid settles in the aquifer over several thousand years. Consequently, underground storage provides a promising sink for reducing CO2 emissions to the atmosphere.
Introduction
The term 'greenhouse effect' describes the warming of the Earth and its atmosphere which occurs through the entrapment of energy by gases in the atmosphere. In essence, the atmosphere allows most sunlight (solar shortwave radiation) to enter and warm the earth in a relatively unimpeded manner. As the surface of the Earth cools, it emits infrared radiation, some of which is absorbed by the greenhouse gases in the atmosphere and reradiated back to the earth's surface, giving rise to additional warming.
Carbon dioxide has been responsible for over half the enhanced greenhouse effect in the past, and is likely to remain so in the future. Annual production of carbon dioxide from human activity is difficult to determine, but it could be as high as 8 x 1012 kg, and could increase to perhaps 50 • 1012 kg during the next century (estimated from United Nations statistics (Sarmiento, 1993) ). Assuming an international commitment to at least hold CO2 emissions to their rates in the year 2000 would require disposal of the order of 1013 kg of CO2 annually. These annual amounts of disposal would need to continue until the world's petroleum and coal resources are largely depleted, i.e., for the order of 103 yr. Hence, the disposal of 1016 kg of CO2 needs consideration.
These quantities of greenhouse gases are so large that reviews of the options for stabilising emissions usually focus on either energy conservation, energy efficiency, or fuel substitution and alternative sources of energy. While these initiatives are to be encouraged they alone are unlikely to be effective in reducing CO2 emissions to the desired levels with current technology. There will be a continuing demand for cheap carbon-based fuels for some time.
Several novel scientific methods for storage of carbon dioxide have been proposed. At high pressure, liquid carbon dioxide is denser than seawater, so it would sink to the ocean floor and be stored there, unless convection displaced it to a region of significantly lower pressure. Two scenarios were considered for ocean disposal. Firstly, pumping liquid CO2 to at least 3.7 km below sea level, where its density is greater than that of seawater, which will allow the liquid CO2 to sink to the ocean floor. Secondly, injecting CO2 to 500 m below sea level provides sufficient depth of seawater for dissolution of the injected CO2. Steinberg et al. (1985) have suggested CO2 storage in the oceans. Ohgaki and Akano (1992) have considered CO2 storage on the ocean floor and assumed CO2 hydrates (approximately CO2. 6H20) form. The thermodynamics of the CO2 hydrate system has been discussed recently by Ohgaki et al. (1993) .
Storage in the sea of gases produced inland would involve transporting the gases large distances. Consequently, we concentrate on storage in deep reservoirs close to the industrial and/or urban source. The scheme is likely to be most viable where large amounts of CO2 are generated in a small area such as at fossil-fuel power stations.
Groundwater (freshwater) reservoirs usually do not extend below 500 m, and will become increasingly important as industrial and population development requires more fresh water. Maintaining unpolluted water supplies is therefore of great importance in the future, and so disposal of waste gases into groundwater reservoirs is likely to be unacceptable.
In this paper, therefore, we consider storage and disposal of carbon dioxide at depths of 3 km. At these depths chemical reactions occur between the water and local rock, converting water to brine, with chloride concentrations of the order of that of seawater. Such brines are undrinkable, and storage of carbon dioxide in such a reservoir cannot be considered to be polluting the local environment.
Storage at these greater depths provides a greater volume of available rock than at shallower depths, makes containment easier because of the greater vertical distance to the Earth's surface, and provides no additional serious technical difficulties apart from pumping the gases into the reservoir.
Petroleum reservoirs typically contain CO2 and extensive work on CO2 transport within petroleum reservoirs has occured, especially on secondary recovery techniques to enhance oil recovery. We will not consider this work as we are interested in COz injection into nonpetroleum reservoirs. However, Norway has recently introduced a carbon tax applicable to offshore petroleum production and this will result in CO2 injection into a Norwegian aquifer (Hort et al., 1995; Korbol, 1995) .
Currently, fuel combustion products are vented directly to the atmosphere. Instead, we propose that these gases could be collected and pumped to a central local
